The research investigates the effects of prolonged storage of hatching eggs on eggshell conductance (G) and embryonic metabolism of Ross 308 broiler breeder eggs. Hatching eggs were collected, weighed and stored for 10 days. After 10 days, a second group of eggs was collected as in the first, weighed and stored for additional 4 days to set up two pre-incubation storage treatments (4 days and 14 days). A sample of eggs (n=30) were placed in desiccator to determine the G value. Additional eggs (n=24) were incubated in metabolic chambers to monitor daily embryonic O 2 consumption and CO 2 production for the calculation of embryonic heat production (EHP), a parameter used to indicator embryonic metabolism. All data were analyzed using SAS Proc Mixed procedure at P ≤ 0.05. Egg storage had no effect on initial egg weight before and after egg storage and G. The O 2 consumption, CO 2 production and EHP were significant particularly during the mid and late periods of incubation in 4 days compared to 14 days storage. Reduction in embryonic metabolism of 14 days stored eggs during late incubation period in can negatively affect embryonic growth, hatching process and chick quality.
Introduction
Cold Storage of broiler breeder hatching eggs is a common practice and its economic importance in commercial broiler breeder and broiler operations have been discussed extensively (Fasenko, 2007; Fasenko et al., 2009; Hamidu et al., 2011) . Recently we reported the impact of storage on broiler and layer blastodermal cell viability, cell death and mechanism of survival (Hamidu et al., 2010 (Hamidu et al., , 2011 . However, it is not clear the extent of embryonic metabolic imbalance created by prolonged egg storage and what implications embryonic metabolism might have in reduction of embryonic cell viability, embryo development and early chick quality.
Egg storage longer than 7 days leads to reduced embryonic viability, embryo weight, hatchability and chick quality (Fasenko, 2007; Hamidu et al., 2011) . Negative effects of prolonged egg storage on hatchability and chick quality may be caused by changes in the embryo or in the egg characteristics, or by both (Reijrink et al., 2010) . In our previous studies, embryonic growth as well as cell numbers reduced in eggs stored 14 days compared to 1 day of storage (Fasenko, 1996; Hamidu et al., 2011) . Previous research measuring embryonic CO 2 production exchange rates suggested that a lower CO2 measurement in 15 days stored eggs compared to 4 days stored eggs indicated a slower rate of embryonic metabolism of 15 days stored eggs proceeded at a slower rate (Fasenko et al., 2002) .
During incubation embryos mostly obtain energy for growth and development through metabolization of lipids via β-oxidation pathway. For higher embryonic development O 2 is very crucial in the metabolism of yolk lipids to release energy for embryonic growth. Therefore an accurate assessment of embryonic metabolism will involve measurements of both embryonic O 2 consumption and CO 2 production in order to establish the physiological basis of reduced embryonic cell number and embryonic growth following prolonged egg storage determined in previous study (Hamidu et al., 2011) . The objectives of this study were to determine the effects of traditional short term (4 days) and long term egg (14 days) storage on embryonic growth rates, eggshell conductance, O 2 consumption, CO 2 production and embryonic heat production and on early chick quality parameter in broiler breeder eggs.
Materials and Methods

Experimental Design
Two sets of experiments were conducted at the Poultry Research Centre, University of Alberta. All experimental protocols were approved by the Faculty of Agriculture, Life and Environmental Science, Animal Policy and Welfare Committee at the University of Alberta, Edmonton, Alberta, according to the principles and guidelines outlined by the Canadian Council on Animal Care (1999). A total of 30 hatching eggs were initially obtained from 33 week old Ross 308 broiler breeder flocks and weighed and then stored for 10 days at temperature of 17 o C ºC and 73 % RH. After 10 days a second group of 30 eggs were also collected, weighed and stored along with the first group for additional 4 days at the same temperature and RH to set up two pre-incubation storage periods of 4 days and 14 days treatments. The entire experiment was repeated when the parent flocks reached 37 weeks old.
Eggshell Conductance and Egg Components Analysis
Eggs (n=15) from each storage treatment were used to assess eggshell conductance as demonstrated previously (Hamidu et al., 2007; 2011) . Afterwards the eggs were weighed and broken to separate the yolk and the shell from the albumen. The weight of the wet yolk and wet shell were immediately recorded. The wet albumen weight was calculated by subtracting the wet yolk and wet shell weights from the final weight of the egg. The DM weights of the yolk and shell were determined as reported. All egg components were expressed as percentage of initial egg weight.
Embryonic Metabolism and Development
The embryonic metabolism equipment used in this study and its operation has been previously validated (Hamidu et al., 2007 (Hamidu et al., , 2010 (Hamidu et al., , and 2011 . Briefly the procedure for measuring embryonic metabolism was as follows. In each experiment eggs (n=11) per storage treatment were individually monitored for O 2 consumption and CO 2 production in 22 of 24 airtight metabolic chambers placed in inside an incubator (Hamidu et al., 2007) . The eggs were incubated for 21.5 days at incubation temperature of 37.5 ºC and 56 % RH for the first 18 d and 36.9 o C and 60% RH for the last 3 d of incubation. Fertility was determined at 7 days and any infertile or early dead embryo from eggs in metabolic chambers replaced. Daily embryonic O 2 and CO 2 data recorded were used to calculate embryonic heat production as previous (Hamidu et al., 2007 (Hamidu et al., , 2010 .
Statistical Analysis
Egg weight before storage, egg weight after storage, the proportions of yolk, albumen, shell, eggshell conductance, embryonic O 2 consumption, CO 2 production, heat production were analyzed using Mixed model procedure of SAS (SAS Institute, 2012) . The fixed effect was egg storage treatment while the age of egg collection was used as the random error term. Significant differences were separated at P ≤ 0.05.
Results and Discussion
Egg Weight and Eggshell Conductance
Egg weights before and after storage were not different between the two egg storage (4 days versus 14 days) treatments (Table 1) . Storage treatment did not affect eggshell conductance (G). There was also no difference in the percentage of egg components (wet or dry yolk, shell and wet albumen) between storage treatments (Table 2) . 
Gaseous Exchange
Daily O 2 consumption between storage treatments was significantly different on 13, 14, 16, 17 and 19 days of incubation. Specifically, the O2 consumption of 4 days stored eggs was higher compared to 14 days stored eggs. The rest of the days of incubation were not different (Table 3 ). The O 2 consumption values were higher during the mid (13 and 14 days) and late periods (16, 17 and 19 days) of embryonic development where there is maximum utilization of O 2 for metabolism to increase embryonic growth (Rahn et al., 1979) .
During the mid-period of incubation embryos use O 2 to increase metabolism and utilization of yolk lipids to support exponential embryonic growth as well as store glucose in the liver muscles and heart which is later released to support pipping and hatching in the later period of incubation (O'Dea et al., 2004; Barri, 2008) . Hence a reduced O 2 consumption may affect the weight and growth of embryos during this period (Giussani et al., 2007) . Any shortage of O 2 or reduced consumption during this period may result in fatigued embryos, increased number of pipped but not hatched embryos and increased late embryo mortality (Druyan et al., 2012) . Similarly, daily CO 2 production was higher in 4 days compared to 14 days storage treatment during the mid (8, 10, 11and 13 days) and late (16, 17 and 19 days) periods of incubation (Table 4) . This provides further evidence of higher metabolism of embryos of 4 days versus 14 days stored eggs.
The results are consistent with previous results where only CO 2 productions were measured during incubation. In these studies it was reported that embryos of 4 days compared to 15 days produced significantly higher amounts of CO 2 during incubation (Fasenko et al., 2002; Segura et al., 2006) . 
Embryonic Metabolism
Differences in daily embryonic heat production were observed during both the mid and late periods of incubation (Table 5 ) which appeared to correspond with observation made with O 2 consumption and CO 2 production reported earlier.
Similar to earlier observations, embryos from 4 days stored eggs produced significantly higher quantities of heat at mid (10 to 14 days) and late (16, 17 and 19 days) of incubation compared to 14 days stored eggs. Previous studies have shown that higher embryonic heat production is related to higher embryonic metabolism (Hamidu et al., 2007 (Hamidu et al., , 2011 . The periods from 14 days through to 20 days of incubation are significant in the life of the developing chicken embryo. The period coincides with important physiological development of the embryo including the establishment of the plateau stage of O 2 consumption and increased growth rate of the embryo such that O 2 consumption by simple diffusion alone is not sufficient to support higher embryonic development. During this period the embryo also requires extra O 2 which is normally obtained through the initiation of pulmonary respiration in the initiation of the pipping and hatching processes. Naturally, energy use of precocious birds including chicken embryos increases exponentially throughout development, paralleling growth (Seebacher et al., 2006) . Previous studies have related embryonic heat production or the indicator of embryonic metabolism to energy utilization (Dietz et al., 2008) . It is possible that reduction in embryonic metabolism as demonstrated by 14 days stored eggs during the mid and late periods of incubation affected the production of energy needed to increase embryo development as we observed earlier (Hamidu et al., 2011) . All these effects could have risen from the decreased blastodermal cell numbers from about 81% to 68% and increased percentage of early blastodermal cell death through early apoptosis following egg storage from 4 days to 14 days (Hamidu et al., 2011) . We therefore suggested previously that reduction in viable number of cells could have reduced the number of metabolizing cells leading to reduced embryonic metabolism.
A reduction in embryonic metabolism may suggest that the embryos do not have enough cells to make effective use of the available O 2 to break down necessary nutrients in the yolk to release the needed energy for embryonic growth. Various muscles including the breast muscle (pectoralis major) and hatching (complexus) muscle of the avian embryo are metabolically important because of their ability to mobilize stored glycogen to aid in the hatching process.
These hatching muscles help the embryo pierce the eggshell membranes and the shell during hatching (De Oliveira et al., 2008) . Therefore a reduced embryo weight (Hamidu et al., 2011) which has been reported to be linked to lowered embryonic metabolism may have a direct impact on development of such muscles that may play important role in hatching process and embryo survival. In relating embryo structural features especially the hatching muscles to their metabolism functions, it has been observed that in eggs stored over 15 days period prior to incubation, the internal anatomy of it embryos were marked by the suppression of histological structures including defective formation of the lens region and reduction in the number of somites in the caudal region of the embryos (Mookerjee, 1953) .
These differences could potentially result in lower metabolic activities that can lead to delayed embryo growth, malformation, poor quality or eventual death of the embryo and lower chick quality. While higher number of late embryo mortalities have been related to longer storage of eggs beyond 7 days (Fasenko, 2007) , it is not clear if higher incidence of dead in shell embryos following hatch pull may also be due to longer eggs storage and reduction in embryonic metabolism compared to short term egg storage.
Conclusion
The results of the current study provide evidence that prolong egg storage causes slower metabolism, which can affect growth of embryo. The higher levels of O 2 , CO 2 and embryonic heat production in embryos of 4 days stored eggs are indications of higher or adequate metabolism which could have resulted in the higher embryonic weight and chick weights observed in our previous study.
Thus slower metabolism in 14 days stored eggs may have resulted in slower metabolism of embryonic cells, the whole embryo and subsequent delayed of pipping and hatching as observed in our previous study (Hamidu et al., 2011) . An important consequence of this could be higher number of dead in shell embryos or increased late embryo mortality. It is recommended that steps should be taken to store egg below the minimum recommended storage days (7 days) in order to increase embryo and hatch quality.
In addition, pre-incubation treatments that may increase the viability of stored eggs may also boast metabolism of longer stored eggs and therefore should be explored to minimize the negative effects of the length of egg storage.
